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T he lens is an avascular organ with a uniquely organized structure, which is formed by anterior epithelial cells and highly differentiated, elongated fiber cells. Epithelial cells located at the lens equator differentiate to lens fiber cells, which gradually lose their intracellular nuclei and organelles in lens development. The ends of elongated fiber cells meet at the anterior and posterior polar axis of the lens to form a suture. During this process, mature lens fibers accumulate high concentrations of AQP0, crystallins, Cx46, and Cx50. AQP0, also known as major intrinsic protein (MIP), is the most abundant membrane protein expressed in lens fibers. However, unlike other members of the aquaporin family, water permeability of AQP0 is low, estimated to be 40 times lower than that of the AQP1 channel in lens anterior epithelial cells. 1 Besides functioning as a water channel, AQP0 plays a crucial structural role as an adhesion molecule in mediating the formation of thin junctions between lens fibers. [2] [3] [4] [5] In addition, AQP0 interacts with several proteins, such as calmodulin, 6 the intermediate filament proteins filensin and CP49, 7 as well as c-crystallins. 8, 9 Microcirculation system, which helps transport nutrients into lens fibers and excrete metabolic waste out, is reliant on an extensive network of gap-junction intercellular commu-nication to maintain lens homeostasis. 10 Gap junctions that connect the cytoplasm of adjacent cells and permit passage of metabolites, ions, and second messengers play essential roles in lens homeostasis and clarity. Gap junctions are formed by a family of membrane proteins, called connexins. Three major connexins have been identified in the vertebrate lens, Cx43, Cx46, and Cx50. Mutations of Cx46 (Gja3) and Cx50 (Gja8) genes are common causes of congenital cataracts in humans and similar lens cataract phenotypes are also seen in connexin-deficient murine models. 11, 12 Cx50 is also involved in lens development and Cx50 knockout (KO) leads to microphthalmia. 13, 14 Our previous studies have shown that Cx50, but not Cx46 or Cx43, directly interacts with aquaporin 0 (AQP0) in differentiating lens fibers in the embryonic and young lens, which promotes gap-junctional channel activity. [15] [16] [17] Recently, we show that Cx50, unlike two other lens connexins, Cx43 and Cx46, exhibits celladhesion function, and this function appears to be independent of its role in forming gap junctions. Moreover, the cellcell adhesion mediated by Cx50 is involved in lens epithelialfiber cell differentiation. 18 These observations imply that these additional roles of Cx50 and AQP0 in cell adhesion may likely help maintain the structural integrity of lens fibers. However, the potential involvement of Cx50 in safeguarding lens fiber structures and maintaining lens integrity in vivo remains largely elusive. We generated Cx50 and AQP0 double-deficient mice to determine the physiologic roles of these two proteins in lens in vivo. In this study, we showed that double KO (dKO) lenses presented with various lens defects, from different extents and severity of lens cataracts to smaller lens sizes and disorganized lens structures with numerous intercellular spaces between fibers. Moreover, the material stiffness of the lens was completely lost. These studies suggest that cell adhesion by these two proteins are likely to play a critical role in maintaining lens fiber organization and integrity.
MATERIALS AND METHODS

Materials
Rabbit anti-AQP0 polyclonal antibody was obtained from (Alpha Diagnostics, San Antonio, TX, USA). Paraformaldehyde (PFA, 16%) was obtained from Electron Microscope Science (Fort Washington, PA, USA). Wheat germ agglutinin (WGA) and phalloidin were purchased from (Thermo Fisher Scientific, Carlsbad, CA, USA). All other chemicals were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific (Pittsburgh, PA, USA).
Generation of dKO Mice Deficient in Both Cx50 and AQP0
The breeding pairs of AQP0KO mice were generously provided by Alan Shiels at Washington University School of Medicine. The dKO mice deficient in both Cx50 and AQP0 , Cx50 (À/À) AQP0 (À/À), were generated by crossing C57BL/6 Cx50 (À/À) mice 13 with C57BL/6 AQP0 (À/À) mice. 19 Genotyping was performed by PCR techniques using genomic DNA isolated from mouse tails and corresponding primers synthesized at the University of Texas Health Science Center at San Antonio's (UTHSCSA) DNA Core Facility. All mice were maintained in a pathogen-free environment at the Association for Assessment and Accreditation of Laboratory Animal Careaccredited UTHSCSA animal facility following the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All animals were handled in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and institutional protocols. The animal experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC). The experiments were conducted blindly without revealing the information of wild-type (WT) and KO mouse models, and identity of the mice became available after completion of the data analysis.
Measurements of Eye Size and Pupil Size
All mice were euthanized in accordance with IACUC guidelines. Eyeballs were carefully dissected and kept in 378C, prewarmed PBS. Photos were taken with pupil facing up by using a standard dissection microscope. The diameters of pupils and eyeballs at the equator were measured using ImageJ software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA). Photos were taken of isolated lenses with anterior side facing down. Lens size diameters were measured with ImageJ.
Lens Tissue Paraffin Sections and Hematoxylin and Eosin Staining
A small incision on the eyeball at the side of optic nerve was made with the assistance of a dissection microscope to remove the lens without any damage. Isolated lenses were kept in PBS at 378C while photographic images were acquired using a dissecting microscope. For histologic study, isolated lenses were fixed in 4% PFA at room temperature for 2 hours, dehydrated with ethanol and xylene, embedded in paraffin, and cut sagittally in 3-lm thick sections. The tissue sections were mounted to glass slides, stained with hematoxylin and eosin (H&E) and observed under a Keyence microscope (Osaka, Japan). Images were recorded using an Olympus camera (Tokyo, Japan).
Frozen Lens Tissue Sections and Confocal Fluorescence Microscopy
Mouse lenses were isolated and fixed in 2% PFA for 2 hours at room temperature, washed with PBS, immersed in 30% sucrose, placed at 48C overnight and then embedded in OCT (Sakura, Torrance, CA, USA). Sagittal sections (10 lm) were cut with a cryostat and stained with WGA-conjugated Alexa Fluor 594 (1:400 dilution) for 40 minutes at room temperature, phalloidin-conjugated Alexa Fluor 488 (1:400 dilution) for 40 minutes at room temperature, and 4 0 ,6-diamidino-2-phenylindole (DAPI; 0.2 lg/mL) for 5 minutes at room temperature. The sections were observed, and images were taken with a Zeiss LSM710 laser scanning confocal microscope (Zeiss Inc., Thornwood, NY, USA).
Thin-Section and Freeze-Fracture Electron Microscopy and Quantitative Analyses
Freshly isolated postnatal days (P) 4, 14, and 30 mouse lenses were fixed in an improved fixative containing 2.5% glutaraldehyde, 0.1 M cacodylate buffer (pH 7.3), 50 mM L-lysine, and 1% tannic acid for 2 hours at room temperature as previously described. 20 Each lens was then mounted on a specimen holder with superglue and cut into 200-lm slices with a vibratome. Each lens was carefully oriented on the specimen holder such that either equatorial or sagittal sections of cortical fibers could be obtained initially with a vibratome. Lens slices were then postfixed in 1% aqueous OsO 4 for 1 hour at room temperature, rinsed in dH 2 O, and stained with 0.5% uranyl acetate in 0.15 M NaCl overnight at 48C. Tissue slices were dehydrated through graded ethanol and propylene oxide and embedded in Polybed 812 resin (Polysciences, Warrington, PA, USA). Thick sections (1 lm) cut with a diamond knife were stained with 1% toluidine blue and examined with a light microscope to select the area of interest. Thin sections (80 nm) were cut with a diamond knife, stained with 5% uranyl acetate followed by Reynold's lead citrate and examined in a JEOL 1200EX electron microscope (JEOL, Peabody, MA, USA).
For freeze-fracture electron microscopy, freshly isolated lenses of WT and various KO mice were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) at room temperature for 2 to 4 hours. After washing in buffer, lenses were orientated to obtain sagittal (longitudinal) sections with a vibratome, and slices were collected, marked serially from superficial to deep and kept separately. The slices were then cryoprotected with 25% glycerol in 0.1 M cacodylate buffer at room temperature for 1 hour and processed for freeze-fracture electron microscopy according to our routine procedures. 21 Briefly, a single lens slice was mounted on a gold specimen carrier and frozen rapidly in liquefied Freon 22 and stored in liquid nitrogen. Cryofractures of frozen slices were made in a modified Balzers 400T freeze-fracture unit (Balzers AG, Balzers, Liechtenstein), at a stage temperature of À1358C in a vacuum of approximately 2 3 10 À7 Torr. The lens tissue was fractured by scraping a steel knife across its frozen surface to expose fiber cell membranes. The fractured surface was then immediately replicated with platinum (~2-nm thick) followed by carbon film (~25-nm thick). The replicas, obtained by unidirectional shadowing, were cleaned with household bleach and examined with a JEOL 1200EX TEM. Freeze-fracture replica immunogold labeling was performed based on our published procedures. 21 Briefly, freshly isolated lenses of dKO mice were lightly fixed in 0.75% PFA in PBS for 30 to 45 minutes at room temperature, and then cut into 300-lm slices with a vibratome to make freeze-fracture replicas. One drop of 0.5% parloidion in amyl acetate was used to secure the integrity of the whole piece of a large replica during cleaning and immunogold labeling procedures. The replica was digested with 2.5% SDS, 10 mM Tris-HCl, and 30 mM sucrose, pH 8.3 (SDS buffer) at 508C until all visible attached tissue debris was removed from the replica. The replica was then rinsed with PBS, blocked with 4% BSA-0.5% teleostean gelatin in PBS for 30 minutes, and incubated with rabbit anti-Cx46 antibody (Santa Cruz Biotechnology, Dallas, TX, USA) at 1:10 dilution for 1 hour at room temperature. The replica was washed with PBS and incubated with 10 nm Protein A gold (EY Laboratories, San Mateo, CA, USA) at 1:50 dilution for 1 hour at room temperature After rinsing, the replica was fixed in 0.5% glutaraldehyde in PBS for 10 minutes, rinsed in water, collected on a 200-mesh Gilder finder grid, rinsed with 100% amyl acetate for 30 seconds to remove parloidion and viewed with a JEOL 1200EX TEM. The size of gap junctions was measured with the Zeiss AxioVision LE 4.4 on PC. The percentage of cell membrane area specialized as gap junctions was calculated from micrographs taken from three individual replicas as previously described. 21 
Tissue Preparation for Mechanical Testing and Data Analysis
Carefully dissected lenses were placed in PBS. Lens damage was assessed under a dissection microscope. If any damage was detected after dissection, the lens was discarded. The genotypes used included WT and KO, including Cx50, AQP0, and Cx50/AQP0 dKO. A lens compression test was used to characterize the mechanical properties of encapsulated lens. Once the sample was ready for testing, it was placed in a clear testing chamber with 8 mL of PBS and loaded onto the compression apparatus for mechanical testing. Compression testing was carried out with a custom machine with a steel top plate, which contacts the lens during the experiment. 22 The motor movements and data acquisition are controlled by interfacing MATLAB (MathWorks, Natick, MA, USA) with GalilTools software (Galil, Rocklin, CA, USA). Once the sample was prepared, the testing container was placed directly on the load cell (LSB 200, 50 g; Futek, Irvine, CA, USA) where images of the lens are taken with a camera (D300s; Nikon, Melville, NY, USA) outfitted with a macro bellows (PB-6; Nikon), which increases the imaging system's resolution for determining the shape of the lens. Before compression testing began, the camera was calibrated with a steel ball bearing with a diameter of 4.75 mm. On average, calibration yielded a spatial resolution of approximately 2 lm/pixel.
After the lens was imaged, the top plate descended with a velocity of 250 lm/s until a contact force of 0.5 mN was measured, indicating contact with the lens. Then, a preprogrammed loading protocol was applied to the lens. Force and displacement data were collected throughout the duration of the compression test, which comprised two stages. The first stage of the compression program is the preconditioning phase, which has three loading/unloading cycles at three different strain values (2.5%, 5%, 7.5%) at a strain rate of 2% of axial thickness per second. 22 The second stage of the program is the experimental loading portion and is composed of three loading cycles to the peak percent strain value of 10.
Force (F) and displacement (d) data from the first 10% strain loading ramp were smoothed with a moving average filter in MATLAB, then fitted with a modified Hertz model of the form
where E is the effective elastic modulus, m is the Poisson ratio (assumed equal to 0.5), R is the radius of curvature, b is an exponent describing the degree of material nonlinearity, and d is the displacement (mm) of the top plate relative to its point of contact on the lens. Note that in the original Hertz model, b ¼ 1.5 for a linear elastic material. Resilience was calculated by dividing the area underneath the unloading curve by the area underneath the loading curve. The geometry of the unloaded lens, including its axial thickness, equatorial diameter, and radius of curvature R, was characterized using digital image processing in MATLAB.
Statistical Analysis
All data were analyzed with GraphPad Prism 5 Software (GraphPad Software, La Jolla, CA, USA). When significant difference was found in the data by the ANOVA, the post hoc Tukey tests of significance was used to further compare group differences. The data were presented as the mean 6 SEM of at least three measurements. Statistical significance was designated for analyses with P < 0.05. Asterisks in all figures indicate the degree of significant differences compared with controls (*P < 0.05; **P < 0.01; ***P < 0.001).
RESULTS
Cx50-and AQP0-Deficient Mice Exhibit Small Pupil Size, Highly Heterogeneous Lens Opacities, and Small Eye Phenotypes
To explore the functional importance of Cx50 and AQP0 in the lens in vivo, we deleted Cx50 and AQP0 by crossing individualgene KO mice 13, 19 to generate Cx50 and AQP0 dKO mice. The genotype of dKO mice was confirmed by PCR with specific primers (data not shown) and confirmed by Western blots. Western blots with Cx50 or AQP0 antibody showed the deletion of corresponding proteins and dKO showed the disappearance of both Cx50 and AQP0 (Fig. 1A) . Interestingly, deletion of AQP0 (AQP0KO) greatly reduced the expression of Cx50, whereas Cx50KO had a lesser effect on AQP0 levels. The fast migrating band shown in Figure 1A , the middle panel is unlikely an AQP0 product, but an unspecific protein, given this band was also shown in AQP0KO. However, the upper band with the expected molecular weight only showed in WT and Cx50KO, not in AQP0KO and dKO. The eyeball size of Cx50KO and dKO mice was decreased significantly compared with WT and AQP0KO mice. Compared with the Cx50KO eyeball, the dKO eyeball size was slightly decreased, but not at a significant level. The size of eye pupils in dKO mice was disproportionally smaller than that of Cx50KO, AQP0KO, and WT mice (Fig. 1B) . Although Cx50 and dKO eyeball size was comparable, the pupil size of dKO mouse eyeballs was significantly smaller than that of Cx50KO (Figs. 1C, 1D ). The severity of dKO cataracts appeared to be less severe than that of AQP0 mice (Fig. 1B) . Except eye phenotypes, we did not observe any other changes in dKO as compared with WT mice, including viability, fertility, and body mass at the identical age. When dissecting lenses from dKO mice, we found that dKO lenses were very fragile and difficult to isolate fully intact, which was different from WT and Cx50 and AQP0 single KO lenses. Cx50 KO shows the reduction of lens diameter. 13 dKO resulted in the smallest lens size, even significantly smaller than Cx50 KO lenses (Fig. 2B ). Lens weight comparisons followed a similar pattern as the lens size with more noticeable differences particularly in the dKO (Fig.  2C ). We then compared lens opacity of dKO with Cx50 and AQP0 KO lenses. Lenses deficient in both Cx50 and AQP0 exhibited comparable degrees of lens opacity as compared with AQP0KO while Cx50 deficiency exhibited mild cataracts as previously reported ( Figs. 2A, 2D, 2E) . In contrast to condensed cataracts observed in AQP0-deficient lens, opacity in dKO lenses appeared to be heterogeneous and diffused, ranging from incipient nuclear opacity, cortical opacity, and subcapsule opacity to whole-lens opacity. Quantification of integrated intensity of cataracts in both cortical and nuclear regions revealed the most dramatic magnitude with deficiency of AQP0 lenses regardless of Cx50 expression level (Figs. 2D, 2E). These data suggest that deletion of both Cx50 and AQP0 have major impacts on lens size and patterns of lens opacities.
Deficiency of both Cx50 and AQP0 Leads to Enlarged Intercellular Spaces and Disruption of Lens Fiber Organization and Nuclei Distribution
We examined morphologic changes in lenses from Cx50/AQP0 dKO mice in comparison with single-gene KO or WT control lenses at various stages of lens development using H&E staining, fluorescence labeling, and electron microscopy. Morphologic abnormalities were first observed at P4 in dKO lens. H&E staining of mouse lenses showed that compared to the single-gene KO lenses, Cx50/AQP0 dKO were not only the smallest in lens size, but also exhibited enlarged intercellular spaces in the anterior and posterior regions of the lens (Fig.  3A) . At P15, great alterations of lens morphology were observed in dKO lenses, such as abnormal nuclei distribution, various sized intercellular spaces, disorganized fiber structures, and liquefaction necrosis, particularly close to the center of lens (Figs. 3C, 4A, 4B). The abnormal nuclei distribution was observed throughout the entire lens fibers. In Figure 3B , contrary to majority of nuclei distributed along lens equator region in WT, the distribution pattern of cell nuclei in the dKO lenses was abnormally present in the central as well as posterior parts of lens (Fig. 3B ). In addition, disorganized differentiating and swelling mature fibers were observed in the dKO lenses (Fig. 3C ). Large liquefied areas were also observed in dKO lenses as shown in the Figure 3C , left and middle panels, which appeared to push anterior ends of fibers apart. In dKO lenses, ends of lens fibers aligned in parallel instead of connecting end-to-end to form the lens anterior suture (Fig. 3C , left and middle panels) and posterior suture (Fig. 3C, right  panel) . Moreover, lens fibers extruded from the posterior lens capsule ruptured (Fig. 3C, right panel) .
Coronal sections of dKO lens showed disordered fiber structures with enlarged intercellular spaces and liquefied areas primarily at subcortical and central regions of dKO lenses (Fig. 4) . Distorted structures started anteriorly, right beneath the single layer of epithelial cells. At the lens equator region, epithelial cells and actively differentiating fibers aligned abnormally, were larger than WT, but overall differentiating fiber cell structure did not have any apparent abnormalities.
However, the apparent disruption increased toward the lens core, exhibiting distorted, swelling lens fiber cells and enlarged intercellular spaces. Posteriorly, the appearance of large intercellular spaces was present in the region of differentiating lens fibers. Different sized intercellular spaces were distributed throughout dKO lenses as shown in the representative images of lens sections (Fig. 4A, 4B) . Additionally, increased liquidized areas were observed toward the mature and nuclear fibers (Fig.  4B) .
The organization of lens fibers was further studied by labeling lens tissue sections with a cell membrane marker, WGA, and counter-staining with DAPI for nuclei. An overall loss of lens fiber membrane structure was observed; especially in the Cx50/AQP0 dKO lenses (Fig. 5A ). When examining individual sections of the lens, there was some loss of fiber structures within the anterior and posterior lens regions in the AQP0KO animals, which became more evident in the Cx50 and the most in AQP0dKO lens (Fig. 5B, upper and lower panels) . Conversely, most of the cell organization was preserved around the lens equator (bow) region, except for the elongated lens cells underneath the epithelial cells in dKO lenses (Fig. 5B , middle panels). These data suggest that Cx50 and AQP0 play an important role in maintaining the integrity and organization of lens fibers.
We investigated the microscopic organization of lens fiber cells in dKO mice. Thin-section electron microscopy revealed the presence of numerous intercellular spaces between the lens fiber cells (arrows indicate cell borders) in both AQP0 and Cx50 single KO, and which appeared to be more extensive in the dKO lens (Fig. 6A ). Freeze-fracture microscopy was performed to determine the size of junctional plaques (Fig. 6B ). Based on our previous published protocol, 21 we quantified the gap-junction size distributions of WT, Cx46, Cx50, and AQP0 single KO and Cx50/AQP0 dKO (Fig. 6C ). WT superficial fibers contained the three size-range gap-junction plaques for which the large-size group was within 0.3 to 2.86 lm 2 , the medium-size group was within 0.1 to 0.29 lm 2 , and the small-size group was within 0.01 to 0.09 lm 2 . Three replicas prepared from three mouse lenses for each genotype were used for the measurements. Cx46KO 23 superficial fibers contained mostly the large gap-junction plaques (a total of 123 gap-junctional plaques were measured), suggesting that Cx50 was the key connexin in these large gapjunction plaques observed. Cx50KO superficial fibers contained mostly the small and some medium sizes gap-junction plaques (a total of 179 gap-junctional plaques were measured). Like WT, AQP0KO superficial fibers contained the three size-range gapjunction plaques (a total of 383 gap-junctional plaques were measured) as those of WT (a total of 356 gap-junctional plaques were measured). Interestingly, Cx50/AQP0 dKO superficial fibers contained only the small size gap-junction plaques (a total of 136 gap-junctional plaques were measured). To confirm the presence of small size plaques formed by Cx46, immunogold labeling on freeze-fracture replicas was performed and the result showed specific localization of Cx46 antibody on all small gapjunction plaques as represented by 10-nm gold particles in Cx50/AQP0 dKO superficial fiber cells (right panel, Fig. 6B ). These results suggest the possibility of Cx50 and AQP0 interaction, with the capacity of forming large junctional plaques, which may help stabilize lens fiber structures. Together, these data support an important role of both Cx50 and AQP0 in maintaining structural integrity and compact organization of lens fibers.
Loss of Tissue Stiffness in Cx50 and AQP0 dKO Lens
Given the disrupted lens fiber organization and integrity, we expected to observe significant alterations of physical proper- ties in the dKO lens. Tissue compression testing was conducted for 1-and 4-month-old WT and three KO mouse models (Fig. 7) . For 1-month-old mice, dKO lenses generated so little force when compressed and the generated data were below the limit of detection of the load cell (<100 lN). In addition, linear regression found no correlation between lens size and effective elastic modulus, presumably due to the use of the modified Hertz model, which accounted for lens size. For 4month-old mice, statistical analysis yielded significant differences between WT, AQP0 KO, Cx50 KO, and Cx50/AQP0 dKO lenses. WT and Cx50 had similar resiliencies. These results suggest that dKO completely loses stiffness and elastic properties of the lens, which is in accordance with severe disruption of lens fiber organization and integrity. The effective modulus for each genotype was significantly higher at 4 than at 1 month.
DISCUSSION
Integrity and precise organization of lens fiber structures are crucial for light transmission and optical quality. 24 In this study, we generated a dKO mouse model deficient in lens specific Cx50 and AQP0 expression. Here we demonstrate that deficiency of both Cx50 and AQP0 leads to a significant distortion of lens fiber organization and integrity, reduced lens size with severely diffuse cataracts resulting in a complete loss of lens elasticity. The significance of these findings includes the following aspects: (1) this is the first study reporting the FIGURE 6. Electron microscopy shows the presence of intercellular spaces in lens fibers and a decreased size of gap-junction plaques. (A) Onemonth-old mouse lenses of WT, Cx50, and AQP0 single-or double-gene KO mice were processed for thin-section TEM. Representative images from the anterior superficial cortex of the lenses show that cortical fiber cells exhibit the intact cell membranes (arrowheads) in WT (A), but display enlarged intercellular spaces of various sizes in single KO lenses for Cx50, AQP, and in a dKO lens for AQP0 and Cx50. Several short, intact cell membranes (arrows) were also observed among these enlarged spaces. All scale bars: 500 nm. (B) Freeze-fracture microscopy was performed with 1-month-old lens of WT, Cx50, and AQP0 KO and dKO mice. Representative images are shown and gap-junctional plaques are indicated as ''gj'' and white arrowheads. Immunogold labeling against Cx46 of freeze-fracture replicas was performed using 10-nm gold particles (right panel). double KO with deficiency of Cx50 and AQP0. Interestingly, we do not observe the further augmentation of the severity of cataracts as the cataracts are the major phenotypes reported in the previous single KO studies. However, we observed severe distortions of lens organization and loss of cell adhesion with a great increase of intercellular spaces. Therefore, this phenotype is likely attributed to loss of the cell-anchoring function, which is crucial for integrity of lens fibers. (2) We have thoroughly examined and compared the lens morphology not only in dKO, but also in single KO using H&E staining, fluorescence labeling, and electron microscopy. (3) We have adopted various techniques to assess the lens structures and material properties, including electron microscopy and lens material stiffness analysis. These drastic phenotypic changes in dKO lenses are likely caused by cell-adhesion function of both proteins.
It was not surprising that major disruptions were present in subcortical fibers but not at bow region as Cx50 and AQP0 expression increases with fiber differentiation. At the bow region, epithelial cells start to differentiation as Cx50 and AQP0 expression increases. In addition to forming water channels, AQP0 is known to be a cell-adhesion molecule and plays an important role in lens-fiber cell architecture. 4, 25 Increased intercellular spaces have been reported in lens fibers lacking AQP0. 26 Therefore, in consideration of our data, AQP0 deficiency is responsible for lens-fiber disorganization. We have recently observed a similar phenotype of disorganized fiber structures in Cx50KO mice, although the degree of deterioration was less severe than in AQP0-deficient lenses. 18 This similar disruption of lens fiber organization was also previously reported in lenses expressing cataract-causing mutants of Cx50. 27, 28 We recently reported that Cx50, like AQP0, also exhibited a cell adhesion function, and coexpression of these two proteins further enhanced celladhesion function. 18 We and others have reported increased spaces between fiber cells and multiple morphologic defects in the cortical fibers of Cx50KO lenses. 18, 29 The increased intercellular spaces filled with liquid and cell swelling in dKO are likely caused by impaired water transport function and alteration of hydrostatic pressure attributed both AQP0 and Cx50. In mature lens fibers, AQP0, unlike its distribution in differentiating lens fibers located at broad side of lens fibers, is located predominantly on both short and broad sides of fibers. 30 This transition is associated with the truncation of AQP0 that coincides with the loss of water channel function, switching from functioning as a water channels to forming thin junctions between fiber cells. Cx50, on the other hand, is located on the broad side of fiber cells. [31] [32] [33] Electron microscopy studies show that gap-junction plaques are associated with interlocking ball-and-sockets structure, which is suitable for maintaining fiber-to-fiber stability. 20 Moreover, we show here by freeze-fracture microscopy that Cx50 is involved in forming large gap-junction plaques as evidenced by the large-sized junctional plaques that are present in Cx46 KO lenses as shown in Figure 6C . In Cx50 KO, and especially in dKO mice, small gap-junction plaques were primarily detected. In the WT mouse lens, Cx46 and Cx50 are shown to be colocalized (co-distributed) in a majority of gap-junctional plaques of cortical fiber cells. 34 Previous studies have also shown that in the Cx46-KO mouse lens, many large gap-junction plaques that contain only Cx50 are found in the cortical fiber cells (as seen in the present study, and Refs. 20, 35) . This indicates that large gap-junction plaques in WT mouse lenses, the large-sized gap-junction plaques are composed of a larger amount (percentage) of Cx50 and a small amount (percentage) of Cx46 in the cortical fiber cells. Thus, this gives a reasonable explanation that in Cx50KO mouse lenses, after removing Cx50, the remaining small percentage of Cx46 would form mostly small gap-junction plaques as seen in our freeze-fracture data. Furthermore, several previous structural studies [36] [37] [38] have demonstrated that AQP0 and connexins are co-localized in gap-junction plaques, especially in the young cortical fiber cells. It is thus conceivable that a large population of small-size gap-junction plaques is expected to be distributed in the lenses of AQP0/Cx50 dKO mice as shown in the present study.
As illustrated in Figure 8 , we show that fiber dysmorphology was exacerbated in Cx50/AQP0 dKO lenses with severe distortions and loss of lens fiber structures at various regions within the lens. Cx50 and AQP0 are distributed at different regions of lens fiber cells, this may help anchor cells together at all sides of lens fibers. Deficiency of these two proteins leading to lose fiber cells disassociating from each supports their functional roles as cell-adhesive proteins. In addition, disorganization of lens fibers with loose fiber cells as well as impaired lens physical properties with enlarged intercellular spaces further strengthens a structural and adhesive role of Cx50 and AQP0. The severe structural disruption in dKO, which is moderate in single KOs, implies the synergistic role of Cx50 and AQP0. This phenotype is likely caused by impairment of cell-cell adhesion by both proteins given that the extent of cataracts is not augmented in dKO. At this stage, we cannot exclude the possibility of the loss of other functions that may contribute to the phenotypes due to the deficiency of Cx50 and AQP0, such as water transport, cytoskeleton interaction, ball-and-socket formation, and so on. However, cooperative roles of these two proteins play an important role in maintaining lens structure and integrity.
We showed that the magnitude of cataract severity was not significantly worsened in Cx50/AQP0 dKO when compared with AQP0KO lenses; however, the pattern of cataracts appears to be more diffuse in contrast to condensed cataracts formed by AQP0-deficient lens. One possible explanation is, deficiency of Cx50, different from that of the other lens fiber connexin, Cx46, forms relatively minor cataracts, which is in accordance with a relatively minor role of Cx50 in maintaining lens transparency. 13, 14 As reported previously, contrary to Cx46, Cx50 plays lesser roles in forming gap junctions and mediating intercellular coupling in the lens nucleus and in transmitting reductant glutathione between mature lens fibers. [39] [40] [41] [42] Instead, Cx50 is likely to be involved in mediating cell-adhesion function in mature lens fibers. Secondly, lens organization is severely disrupted with unaligned lens fiber cells and many enlarged intercellular spaces. These structural changes of lens fibers are likely to alter the formation and appearance of cataracts.
Cx50KO mice exhibit smaller lens size. 13, 14 The lens size and weight in Cx50/AQP0 double-deficient mice are further reduced compared with Cx50KO. Cx50 plays an important role in lens development and lens epithelial to fiber cell differentiation. 13, 43, 44 Moreover, cell-cell adhesion is known to be crucial for the process of normal cell proliferation and differentiation. Indeed, we showed disruption of Cx50 adhesion function compromised lens epithelial to fiber differentiation. 18 Interestingly, lens development is not affected by AQP0 deficiency. One plausible reason is that as previously suggested, 30 AQP0 primarily functions as an adhesive molecule in mature lens fibers, but less so in differentiating lens fibers and the latter is mainly responsible for postnatal development and size of the lens. The further reduction of lens size and weight in dKO could be a result of disrupted lens organization, which could extend their impact on both mature and differentiating lens fibers. Indeed, the dKO lens, not only have reduced lens size and weight, but also exhibit dysregulation of the denucleation process with delayed and abnormal distribution of nuclei even with their presence in the posterior region of the adult mouse lens.
Due to the impairment of lens integrity and lens fiber structure, it is not surprising that lens stiffness is completely compromised for 4-month-old dKO lenses. At 1-month old, stiffness of dKO lenses were below level of detection for the load cell. The reduced lens stiffness for 1-month-old mice in AQP0KO compared with WT is consistent with a previous study in which a compression stress test resulted in increased equatorial strain levels in AQP0KO mouse lenses. 26 Interestingly, the stiffness in Cx50KO lenses is even higher than WT. However, 4-month-old adult mice lenses displayed different FIGURE 8 . Impairment of cell-adhesion function mediated by Cx50 and AQP0 disrupts the organization of lens fibers. In WT mice, Cx50 and AQP0, located at broad side and short side of lens fibers, respectively, mediate the cell-cell adhesion, which maintains lens fiber integrity (left upper and lower panels). Deficiency of Cx50 and AQP0 shown in dKO lenses loses cell-cell adhesion, resulting in the alterations of lens structures in various lens regions (right upper, middle, and lower panels). These changes include enlargement of fiber cells in the differentiating elongation zoon, increased intercellular spaces toward the mature fibers and disorganization of lens fibers with abnormal distribution of cell nuclei, which consequently leads to loss of lens tissue elasticity. At the posterior part of lens, newly formed fibers cannot bundle properly toward the core of lens, which leads to lens posterior extrusion. physical properties. For example, 4-month-old AQP0KO lenses exhibited the highest levels of stiffness compared with WT, Cx50KO, and dKO groups. The possible reason is that AQP0KO forms condensed cataracts at this age. Although the mechanisms driving age-related changes in lens stiffening are unknown, the increased abnormal level of cross-linked proteins, protein aggregation, cholesterol, and phospholipids during cataract development leads to the increase of lens stiffness as previously reported. 45, 46 It is plausible that knocking out Cx50 and/or AQP0 could alter age-related stiffening by altering the type and rates of these interactions. Formation and growth of nuclear cataract in the AQP0KO lens presumably causes the large increase in stiffness between 1 and 4 months of age, overwhelming the loss of fiber cell adhesion-related loss in stiffness in the young lens. The Cx50-null lenses may be stiffer as a result of increased fiber cell packing density (Fig. 5B )-an effect that would be relatively independent of age. Lens stiffness and elasticity of dKO mice appear to be completely lost, which is in accordance with loose-structured lens fibers associated with large intercellular spaces.
Together, this study uncovers a cooperative role of Cx50 and AQP0, two abundant membrane proteins in lens fibers, possibility forming interlocking system. These results indicate a crucial role of both proteins in maintaining structural integrity of fiber cells and lens development.
